Objective-Mild hyperhomocystenemia is an independent, graded risk factor for cardiovascular disease. Genetic determinants of hyperhomocystenemia include functional polymorphisms in several folate/homocysteine metabolic enzymes. Nitric oxide may also modulate plasma homocysteine (tHcy) concentrations, either by direct inhibition of methionine synthase or via an indirect effect on folate catabolism. Methods and Results-The hypothesis that the endothelial nitric oxide synthase (NOS3) G894T polymorphism is a genetic determinant of tHcy concentrations was tested in 2 independent healthy adult populations. In both populations, NOS3 genotype was significantly associated with tHcy concentrations in nonsmokers with low folate (Pϭ0.03 for each). Models were constructed to adjust for known determinants of tHcy concentrations and test for interactions between NOS3 genotype and these determinants in nonsmokers from each population. NOS3 genotype remained a significant determinant of tHcy concentrations after adjustment. Interactions between NOS3 genotype and serum folate were significant in both populations, and the interaction between NOS3 genotype and MTHFR C677T genotype was significant in the larger population. Conclusions-These data indicate that the NOS3 894TT genotype is a risk factor for elevated tHcy in healthy nonsmoking adults with low serum folate and supports the hypothesis that nitric oxide modulates homocysteine through an effect on folate catabolism. 
levated plasma homocysteine (hyperhomocystenemia) has been established as a risk factor for cardiovascular disease (CVD). Meta-analyses suggest that homocysteineattributable risk is graded and independent of conventional risk factors. 1 Determinants of plasma homocysteine (tHcy) concentrations include dietary factors such as low folate intake, lifestyle factors such as smoking, and genetic factors including functional polymorphisms in several enzymes in the folate metabolic pathway 2 ( Figure 1 ). The most extensively studied of these polymorphisms is 5,10-methylenetetrahydrofolate reductase (MTHFR) C677T (Ala222Val). 3 The T allele encodes a mildly dysfunctional thermolabile enzyme, and 677TT homozygotes with low folate status are at greatly increased risk of moderate hyperhomocysteinemia. 4, 5 Other polymorphisms that also influence tHcy concentrations include methionine synthase (MTR) A2756G (Asp919Gly) 6 and methionine synthase reductase (MTRR) A66G (Ile22Met). 7, 8 Recently published in vitro data suggest that nitric oxide (NO) may modulate homocysteine concentrations by direct inhibition of MTR, the enzyme that synthesizes methionine from homocysteine and 5-methyltetrahydrofolate (5-mTHF). 9 Alternatively, NO may modulate tHcy concentrations indirectly via folate catabolism by inhibiting the synthesis of ferritin, 10 a protein that promotes the irreversible oxidative cleavage of folate ( Figure 1 ). 11 Although low folate levels are associated with hyperhomocysteinemia, 2 the relative contributions of these potential mechanisms to tHcy modulation in vivo remain unclear.
Endothelial NO synthase (NOS3), which is expressed constitutively in endothelial cells and regulated extensively at the posttranslational level, is responsible for vascular NO production. NO, an important mediator of vascular muscle tone, possesses both antithrombotic and antioxidant properties. 12 A decline in NO production and/or bioavailability in the vascular endothelium occurs early in the development of atherosclerosis and may play an etiologic role. 13 It is well established that smoking, a strong risk factor for CVD as well as hyperhomocystenemia, compromises NOS3 activity and is associated with impaired NO-dependent vasodilation. 14 Several polymorphisms have been identified in the NOS3 gene; however, only 1, G894T, mandates an amino acid change (Glu298Asp). The functional consequences of this polymorphism have yet to be determined, and its role in CVD remains unclear. Although some studies have shown positive associations with CVD, others have not. 15 Taken together, the published reports of modulation of homocysteine metabolism by NO and the possible association of the NOS3 G894T polymorphism with vascular diseases led us to hypothesize that G894T genotype may be a genetic determinant of tHcy concentrations. Based on the impact of smoking on NOS3 activity, we additionally hypothesized that smoking status may modify any such relationship between NOS3 genotype and tHcy. The data presented here strongly support the above hypotheses as well as the hypothesis that NO modulates tHcy concentrations indirectly through an effect on folate catabolism.
Methods

Subjects
Subjects from 2 independent, previously described study populations were included. Institutional review boards approved both studies, and all subjects provided written informed consent before participation.
The first population (Young Hearts) was drawn from the Young Hearts Project, an ongoing prospective study designed to assess the prevalence of coronary risk factors over time in young subjects from Northern Ireland. 16 -18 Biochemical data used for the analyses reported here were acquired at the third screening visit, at which time subjects were between 20 and 26 years old. Current smoking status was also determined at this visit.
Data from a second population (Industrial Workers), comprised of men aged 29 to 53 years employed by a single industrial company in Belfast, Northern Ireland, [5] [6] [7] [8] were analyzed to determine if the results obtained from the first population could be replicated. Subjects with diabetes and those who consumed nutritional supplements were excluded. Current smoking status was determined at the time of blood collection for genetic and biochemical analyses.
Determination of Homocysteine, Folate, and Vitamin B 12 Blood samples were collected from fasting subjects for DNA extraction and determination of biochemical parameters. tHcy concentrations were determined previously using an established highperformance liquid chromatography method. 19 Differences in the preparation of tHcy standards resulted in different absolute tHcy values between the 2 study populations. Serum folate and vitamin B 12 concentrations were determined previously by time-resolved immunofluorescence on an AutoDelfia analyzer (Wallac) for the Young Hearts population 18 and by a commercial kit (ICN Pharmaceuticals) for the Industrial Workers population. 5 
Genetic Analysis
A heteroduplex generator (HG) method was developed for the NOS3 G894T genotyping. Briefly, a HG that spans the NOS3 genomic DNA region containing the G894T polymorphism was constructed. Its sequence is identical to that of the G allele, except for a 3-bp microdeletion introduced 16 bp 5Ј of the polymorphic site and a 4-bp insertion (AAAA) added immediately 3Ј to the polymorphic site. This HG is coamplified with genomic DNA by polymerase chain reaction (PCR). Denaturation and subsequent reannealing of the PCR products results in the formation of homoduplexes of genomic DNA, homoduplexes of HG, and heteroduplexes between genomic DNA and HG. The migration of the heteroduplexes in polyacrylamide gels is different from that of the homoduplexes and is determined by the size and sequence of the protruding loops in the regions of mismatch. The 3 G894T genotypes yield distinct, unambiguous migration patterns using this method (Figure 2) .
Fragments of genomic DNA (132 bp) and HG (133 bp) were coamplified using common forward (5Ј-ACAGCTCTGCATTCAGCACGGCT-3Ј) and reverse (5Ј-AGGGGCACCTCAAGGACCA-3Ј) primers in PCR reactions containing 50 to 100 ng genomic DNA, 0.5 to 1 pg HG, 0.2 mmol/L dNTPs, 1.25 mol/L of each primer, 1.5 mmol/L MgCl 2 , and 1 U of Taq DNA polymerase (Roche) in a total volume of 25 L. Samples were incubated for 5 minutes at 95°C, followed by 40 cycles of 1 minute at 95°C, 1 minute at 56°C, and 1 minute at 72°C, followed by 5 minutes at 95°C. A final incubation of 30 minutes at 35°C facilitated duplex formation. Products were analyzed by polyacrylamide gel electrophoresis on 12% gels containing 5% glycerol. A representative gel showing the banding pattern for each NOS3 G894T genotype is presented in Figure 2 . MTHFR C677T, MTR A2756G, and MTRR A66G genotypes have previously been reported for both populations. [5] [6] [7] [8] 18 
Statistical Analyses
In both study populations, distributions of tHcy, folate, and vitamin B 12 were positively skewed and remained skewed after logarithmic transformation; therefore, the untransformed data were analyzed using nonparametric tests. Each population was analyzed separately. Genotype frequency differences by smoking status and deviations from Hardy-Weinberg equilibrium were assessed by 2 analysis. Associations between NOS3 genotype and tHcy were assessed by the Kruskal-Wallis test. Pairwise differences in tHcy, by NOS3 genotype, were assessed by Mann-Whitney U test and corrected for multiple comparisons (Bonferroni method) where appropriate. These analyses were performed using data from all subjects and within subsets defined by smoking status, serum folate quartile, or vitamin Generalized linear models were constructed to determine whether the observed associations between tHcy and NOS3 genotype were independent of other factors known to influence tHcy. The likelihood ratio test was used to determine the significance of the NOS3 genotype after adjusting for the effects of additional variables. A series of models were fitted to the data, as described in the supplemental methods. Serum folate, vitamin B 12 , age, and sex (Young Hearts only) were included in the models, irrespective of whether they were significantly related to tHcy in our populations, because of their documented impact on tHcy concentrations. Models were constructed in a stepwise manner, starting with a model that contained NOS3 G894T genotype, serum folate, vitamin B 12 , age, and, for the Young Hearts population, sex. Interactions between NOS3 genotype and folate, vitamin B 12 , age, and sex, independent effects of known genetic determinants of tHcy (MTHFR C677T, MTR A2756G, and MTRR A66G genotypes), and interactions between NOS3 G894T genotype and other genotypes with significant independent effects were considered. Final models with and without terms containing NOS3 genotype were compared by likelihood ratio test to evaluate whether the terms contributed significantly to the overall model. The total amount of variation in tHcy explained by the final model was estimated by Efron's pseudo-R 2 . 20 Additional details of the modeling process are provided in the online supplementary statistical methods, available at http://atvb.ahajournals.org. All statistical analyses were carried out using SAS version 8.2.
Results
The Young Hearts population was studied for an association between NOS3 G894T genotype and tHcy; genotypes for 357 subjects (186 male, 170 female, and 1 subject whose sex was not recorded) were determined. To determine if the results obtained in the Young Hearts population could be replicated, the relationship between the NOS3 G894T polymorphism and tHcy was studied in a second population, Industrial Workers; genotypes for 565 subjects were determined. All analyses were carried out separately in each population.
Population Characteristics
NOS3 G894T genotype frequencies, tHcy, and folate concentrations are summarized for each population as a whole and after stratification by smoking status in Table 1 . The genotype distributions for each population overall and for the nonsmoker and smoker subsets were not significantly different from those expected under Hardy-Weinberg equilibrium (data not shown) and are similar to those reported for other white populations. 21, 22 Associations Between NOS3 G894T Genotype and Biochemical Parameters
The NOS3 G894T genotypes were not significantly associated with tHcy in either population (Table 2 ). However, in both populations, those with the NOS3 894TT genotype tended to have higher tHcy concentrations than their 894GT and 894GG peers. NOS3 G894T genotype was not associated with folate concentration in either population. Because NOS3 activity is compromised in smokers, NOS3 G894T genotype might be expected to be a significant determinant of tHcy concentrations only in nonsmokers. Therefore, each population was stratified by smoking status. Among nonsmokers, 894TT homozygotes had the highest median tHcy. However, the test for association of genotype with tHcy concentration did not reach significance for either population (Pϭ0.21 for Young Hearts and Pϭ0.09 for Industrial Workers, Table 2 ). NOS3 genotype had no effect on median tHcy in smokers in either population (Pϭ0.88 for Young Hearts and Pϭ0.51 for Industrial Workers, Table 2 ).
NOS3 G894T genotype may modulate tHcy concentrations indirectly through an effect on folate catabolism. If so, the impact of genotype would likely be most apparent in subjects with low folate status. Therefore, the relationship between the NOS3 G894T polymorphism and tHcy was evaluated in subjects with low serum folate (folate quartile 1). In both populations, genotype was significantly associated with tHcy concentration in subjects with a low folate phenotype (Pϭ0.02 for Young Hearts and Pϭ0.05 for Industrial Workers, Table 3 ). Again, 894TT homozygotes had the highest concentrations. NOS3 genotype was not associated with tHcy concentration in folate quartiles 2 to 4 of either population (data not shown).
When subjects were stratified by both folate and smoking status, NOS3 genotype was associated with tHcy concentrations only in nonsmokers from folate quartile 1 (Pϭ0.03 for both populations, Table 3 ). However, pairwise differences between genotypes did not reach significance after correction for multiple comparisons for either population. NOS3 genotype was not associated with tHcy concentrations in smokers in folate quartile 1 (Table 3 ) or in quartiles 2 to 4 (data not shown) for either population. It is postulated that NO inhibits MTR by oxidizing its vitamin B 12 cofactor to an inactive state. 9 However, after stratification of subjects according to vitamin B 12 status, no significant associations between genotype and tHcy concentration were observed in the low vitamin B 12 quartile in either population (data not shown).
To determine whether our findings remained significant after correction for factors known to influence tHcy, we next constructed generalized linear models for nonsmokers in each population; final models are given in 12 , as well as interaction terms between NOS3 genotype and folate and between NOS3 genotype and MTHFR C677T genotype. The latter interaction term was no longer significantly related to tHcy in the Industrial Workers population after exclusion of a single outlier with tHcy of 58.5 mol/L. The interaction between NOS3 genotype and folate was not affected by exclusion of this outlier. There were no obvious outliers in the Young Hearts population. For both populations, the models containing NOS3 terms were significantly better at describing tHcy than models lacking such terms (PϽ0.0001 for Young Hearts and Pϭ0.0007 for Industrial Workers). This confirms that NOS3 G894T genotype and the interaction between NOS3 genotype and folate are highly significant determinants of tHcy concentration in nonsmokers. The final models explained 41% and 30% of the total amount of variation in tHcy in the Young Hearts and Industrial Workers populations, respectively.
Discussion
The results of the analyses presented above demonstrate that the NOS3 894TT genotype is a risk factor for elevated tHcy concentrations in healthy nonsmoking adults with low serum folate. This finding held even after adjustment for known determinants of tHcy concentration; namely, folate, vitamin B 12 , age, sex, and MTHFR C677T genotype. To our knowledge, this is the first report indicating that NOS3 G894T genotype is a determinant of tHcy concentrations.
The tHcy-elevating effect of the NOS3 894TT genotype was only apparent in nonsmokers. This was not surprising, because smoking is known to strongly inhibit NOS3 activity. 14 Thus, in smokers with markedly compromised NOS3 activity, any differential effect on NO and tHcy concentrations attributable to the NOS3 G894T polymorphism would most likely be diminished, and so the risk conferred by the NOS3 894TT genotype in the context of smoking would be much smaller. Median tHcy concentrations associated with the 894TT genotype in nonsmokers were similar to, or higher than, those in smokers irrespective of NOS3 G894T genotype. In smokers, elevated tHcy concentrations are thought to be one of the smoking-related phenotypic changes that contribute to an increased risk of CVD. It is therefore likely that for nonsmokers with the 894TT genotype, the magnitude of the tHcyattributable component of CVD risk is similar and may constitute a significant and previously unrecognized risk factor for CVD in a subset of the population that overall has a lower CVD risk than smokers.
Although NOS3 894TT homozygotes had the highest tHcy concentrations in nonsmokers from both populations, the impact of the 894GT heterozygote genotype was less consistent. In the Young Hearts population, heterozygotes had tHcy concentrations intermediate between those of 894GG and 894TT homozygotes; however, this was not the case in the Industrial Workers population. More studies will be necessary to determine the impact of the NOS3 894GT genotype on tHcy.
The NOS3 G894T polymorphism has been studied extensively by others to determine whether it results in a functional change in the enzyme. The results of in vivo studies have been inconsistent, and interpretation is difficult because of the different populations, end points, and methodologies used. [23] [24] [25] [26] In vitro data are also inconsistent. Published evidence indicating that in human placental homogenates the Asp 298 enzyme encoded by the 894T allele has lower activity than the Glu 298 enzyme encoded by the 894G allele 27 is not supported by a subsequent report that in vitro kinetic parameters are similar for the 2 variants of the enzyme. 28 Although the functional consequences of the NOS3 G894T polymorphism in a physiological setting have not yet been established, our data can be evaluated in the context of the following 2 plausible mechanisms for NO-mediated modulation of homocysteine concentrations (Figure 1) . First, NO inhibits MTR. This hypothesis predicts a positive correlation between NO and homocysteine concentrations, because the substrate homocysteine will accumulate as inhibition of MTR increases. Second, NO inhibits ferritin synthesis. This hypothesis predicts that higher NO concentrations will be associated with decreased ferritin levels and hence higher intracellular folate concentrations. Because folate concentrations are inversely correlated with homocysteine, this would mandate a reciprocal association between NO and homocysteine concentrations.
Our results do not support the hypothesis that NO modulates tHcy concentrations by inhibiting MTR via its vitamin B 12 cofactor. Reports to date suggest that the Asp 298 form of NOS3 has either unchanged or reduced activity relative to the Glu 298 enzyme. 27, 28 Thus, the MTR-inhibition hypothesis predicts that the 894T allele should be associated with unchanged or lower tHcy concentrations rather than the higher concentrations observed by us. Furthermore, if the effect of NOS3 894TT genotype on tHcy concentrations was attributable to differential inhibition of the vitamin B 12 cofactor of MTR, tHcy concentrations in subjects with low vitamin B 12 should be most susceptible to changes in NO. However, we found no association between NOS3 G894T genotype and tHcy in subjects from the lowest quartile of vitamin B 12 concentrations in either population and no evidence in our models for a significant interaction between NOS3 genotype and vitamin B 12 . Finally, we found no evidence for significant interactions between NOS3 G894T genotype and polymorphisms in MTR or MTRR that affect tHcy concentrations in either population.
The hypothesis that NO reduces intracellular folate catabolism by tonic inhibition of ferritin synthesis, thereby modifying folate-dependent aspects of homocysteine metabolism, is more consistent with our finding that a NOS3 variant with putative low activity is associated with elevated tHcy and the observation that this relationship is potentiated by low serum folate. Furthermore, the above hypothesis is also supported by our finding of a significant interaction between NOS3 genotype and serum folate in both populations and a possible interaction between NOS3 genotype and MTHFR C677T genotype in the Industrial Workers population.
The above relationship is also compatible with the reported link between folate and NOS3 activity. When the NOS3 cofactor tetrahydrobiopterin is limiting, NOS3 has a decreased affinity for arginine together with an increased affinity for O 2 , which results in the production of superoxide radicals. 29, 30 Evidence suggests that 5-mTHF facilitates tetrahydrobiopterin function and promotes the synthesis of NO rather than superoxide. 30 The Asp 298 enzyme may be uniquely sensitive to the effects of suboptimal 5-mTHF. A shift toward increased superoxide production at the expense of NO synthesis could increase folate catabolism and promote a lowfolate/high-homocysteine phenotype through the following 2 mechanisms: (1) decreased generation of NO, which would reduce the NO-mediated tonic inhibition of ferritin synthesis; and (2) increased superoxide formation, which would increase the rate of nonenzymatic folate degradation.
In conclusion, we have demonstrated an association between the NOS3 894TT genotype and elevated tHcy in nonsmokers with low serum folate from 2 independent populations of healthy adults. This finding is consistent with the hypothesis that NO modulates homocysteine concentrations indirectly by regulating folate catabolism. It is also consistent with the reported negative impact of smoking on total NOS3 activity. If confirmed by others, studies designed to determine whether NOS3 G894T genotypes are associated with a range of conditions, including occlusive coronary artery, cerebrovascular, and peripheral vascular diseases, 2 in which a low folate/high homocysteine phenotype has been implicated, are warranted.
